The physical and chemical properties of silver nanomaterials are highly dependent on their shape and size. Recently, Ag nanoparticles have been reported to be useful for medicinal and pharmaceutical applications including anticancer activity. In this study, we showed that Ag nanoplates possess significantly higher antiproliferative activity on human promyelocytic leukemia cells, HL-60, than spherical nanoparticles. The triangular Ag nanoplates induced apoptosis in the cells and were located in the same subcellular compartment as the spherical Ag nanoparticles.
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Silver nanomaterials are frequently used in numerous industries because of their unique optical, 1 electrical, 2 and catalytic 3 properties, and these properties are highly dependent on their shape 1, 4 and size. 5, 6 For this reason, significant research efforts have been directed towards the development of new methods for controlling the shape and size of Ag nanomaterials, and an effective method for preparing triangular Ag nanoplates and nanoparticles was recently reported in the literature. 7 In addition, Ag nanoparticles have received attention for medicinal and pharmaceutical applications. 8, 9 Notably, Ag nanoparticles have been reported to show antitumor activity towards a variety of different tumor cells, both in vitro and in vivo.
1014 Ag nanoparticles have also been shown to enhance the antitumor effects of chemotherapeutic drugs. 15 Furthermore, Ag nanoparticles have been reported to interact with the HIV virus and inhibit its ability to infect new cells. 16 However, only spherical Ag nanoparticles were used in all of these biological assays, and there is an urgent need to analyze the effect of the morphology of these nanomaterials on their biological activity. Herein, we report the effect of the shape of Ag nanomaterials on their antiproliferative activity.
We analyzed the effect of the shape of silver nanomaterials on their antiproliferative activity towards the human leukemia cell line (HL-60) using the cell viability assay. Triangular Ag nanoplates and spherical Ag nanoparticles were prepared as described by Zhang et al., 7 and their shapes and sizes were confirmed by transmission electron microscopy (TEM) (Figures 1  and S1 ). The average length of the perpendicular bisector of the Ag nanoplates was 22.7 « 7.9 nm and their thickness was 6.8 « 0.9 nm; the average diameter of spherical Ag nanoparticles was 16.5 « 2.9 nm. HL-60 cells were incubated with various concentrations of the nanoplates and nanoparticles for 48 h prior to the MTS assay. The results of these experiments showed that the Ag nanostructures reduced the viability of the HL-60 cells in a dose-dependent manner, as shown in Figure 2 . The triangular Ag nanoplates reduced the viability of HL-60 cells to 98.1, 71.7, and 50.5% of the initial level at concentrations of 60, 80, and 100¯g mL ¹1 , respectively, whereas the Ag nanoparticles reduced the viability of HL-60 cells to 91.3% even at a concentration of 100¯g mL
¹1
. These results clearly demonstrated that the triangular Ag nanoplates reduced cell viability to a greater extent than the Ag nanoparticles at all of the concentrations tested, suggesting that the triangular Ag nanoplates can be more effective as an anticancer agent.
To understand the cause of this difference in the antiproliferative activities of these Ag nanostructures, we analyzed the cellular localization of Ag nanostructures by the use of fluorescent-labeled triangular nanoplates and spherical nanoparticles. Fluorescent-labeled nanoplates and nanoparticles were incubated with HL-60 cells at 60¯g mL ¹1 for 24 h, and the cells were observed under a fluorescent microscope. Hoechst 33342 was also used to stain the cell nuclei. As shown in Figure 3 , fluorescence of Ag nanostructures was detected in the cytoplasm in both triangular Ag nanoplates and spherical Ag nanoparticles. , and 100¯g mL ¹1 using an MTS assay. The data have been normalized to make control (white) 100, and shown as the mean values « SEM (n = 4). Statistical significance was evaluated by t-test (*: p < 0.10, **: p < 0.05).
The results of these experiments revealed that the triangular nanoplates and spherical nanoparticles had both been incorporated into cells and distributed in the cytoplasm.
The effects of Ag nanostructures on cell cycle were analyzed by standard propidium iodide (PI) staining and flow cytometry. The DNA distribution histogram of HL-60 cells without Ag nanostructures treatment contained one prominent peak, representing cells mainly in the G 1 phase (Figure 4a ). When the cells were treated with Ag nanostructures for 48 h, a peak appeared for cells in the sub-G 1 phase in the DNA distribution histogram, which represented dead cells having undergone apoptosis. As shown in Figure 4b and Table 1 . The intracellular distributions of the triangular nanoplates and spherical nanoparticles were quite similar, and it therefore seemed highly likely that the two different types of Ag nanostructures were located in the same subcellular compartment and induced cancer cell death in the . Data are shown as the mean values « SEM (n = 3). Statistical significance was evaluated by t-test (*: p < 0.15, **: p < 0.10). 13, 17, 18 The chemisorption of oxygen onto Ag is an essential process for the generation of ROS using Ag species. 19 The chemisorption of oxygen onto an Ag(111) facet was found to be more stable than it was onto Ag(100) and -(110) facets. 20 Truncated triangular silver nanoplates, which include the triangular Ag nanoplates, are mainly enclosed by (111) facets. 21 Based on these reports, triangular Ag nanoplates might produce ROS more efficiently than spherical Ag nanoparticles, resulting in higher antiproliferative activity. However, further studies will be required to clarify the details of the anticancer mechanism of Ag nanomaterials, including the efficiency of ROS generation as well as the surface area effect.
In summary, we have demonstrated that the antiproliferative activity of Ag nanomaterials is highly dependent on their nanostructure. The results have shown that the shape of Ag nanomaterials plays an important role in determining the strength of their antiproliferative activity, and triangular Ag nanoplates show a higher activity than spherical Ag nanoparticles. This study should provide new insights and contribute to the design and optimization of Ag nanostructures for the treatment of cancer.
